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ABSTRACT 
 
 Middle Ordovician (Whiterockian) sandstone units within the Oil Creek, McLish, 
and Tulip Creek formations of the Simpson Group of Oklahoma, and the Everton 
(Calico Rock Member) and St. Peter formations of Arkansas were deposited on the 
southern margin of Laurentia.  They represent the first major siliciclastic input to the 
southern U.S. Midcontinent above the post-Sauk unconformity.  Samples were collected 
from outcrops of the major sandstone units to determine their U-Pb detrital zircon age 
distributions for provenance.  Samples were prepared and analyzed using laser ablation - 
inductively coupled plasma - mass spectrometry (LA-ICP-MS).  Probability-density 
plots were created to determine likely source areas for sediment, based on comparing 
detrital zircon ages to known ages of basement terranes. 
 Detrital zircon grains from the Early Whiterockian Calico Rock sandstone 
indicate a majority of its zircon population was ultimately derived from the 900-1300 
Ma Grenville orogenic province, with secondary input ultimately derived from the 1300-
1550 Ma Granite-Rhyolite/Anorogenic Province and the Archean Superior province 
along the Transcontinental Arch.  It is likely, at this time, that zircons were also sourced 
from reworked sediments from more proximal secondary sources.  With sea level rise 
and transgression, the depositional shoreline and the sediment source areas moved to the 
north and west.  The basal Oil Creek Sandstone of the Simpson Group was deposited 
unconformably above the Arbuckle Group in southern Oklahoma, and its zircon 
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population is dominated by grains from Archean source terranes along the 
Transcontinental Arch. 
 The basal sandstone unit of the McLish Formation indicates renewed sediment 
input containing zircons from 1300-1550 Ma Granite-Rhyolite/Anorogenic and 1600-
1700 Ma Yavapai-Mazatzal terranes along the Transcontinental Arch.  The Nemaha 
Ridge in northeastern Kansas likely acted as a source of first-cycle sediment in the 
southern midcontinent during this time. 
 Small populations of detrital zircon grains between 1800 Ma and 2000 Ma occur 
in the majority of the samples.  Their probability density peaks are generally centered at 
roughly 1850 Ma, suggesting an ultimate source in the Penokean orogenic province 
along the Transcontinental Arch.    
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 INTRODUCTION 
 
The sandstones of the Middle to Late Ordovician Simpson Group of Oklahoma 
and the Everton and St. Peter formations of Arkansas were deposited coevally on the 
South Ozark Platform and Oklahoma Shelf, respectively, in a broad, shallow epeiric sea 
on the southern margin of Laurentia (Suhm, 1997).  They are underlain by thick 
carbonate sequences of the Arbuckle Group in Oklahoma, and the Cotter and Powell 
formations in Arkansas; and overlain by Late Ordovician carbonates of the Viola Group 
and its lateral equivalents (Figure 1).  These sandstones are distinctive for their overall 
homogeneity, being very clean (95% - >99% quartz), well-rounded, supermature, fine to 
medium grained quartz arenites (Ham, 1945; Suhm, 1997). 
Deposition on the Oklahoma Shelf and South Ozark Platform in the Middle 
Ordovician was controlled by two major tectonic influences: uplift of the Ozark Dome, 
and continued subsidence of the Southern Oklahoma Aulacogen.  The uplifting Ozark 
Dome routed sediment to the south and east in the late Whiterockian, and may have 
acted as a source of sediment (Suhm, 1997).  Subsidence of the Southern Oklahoma 
Aulacogen slowed through the Ordovician, but it provided enough accommodation space 
to allow for deposition of the thickest shoreface and near-shore sandstone units in the 
Simpson Group (Suhm, 1997). 
Sediment provenance for the Simpson, St. Peter, and Everton quartz arenites was 
attributed solely to the Canadian Shield (Dake, 1921; Suhm, 1997).  Other possible 
sources of siliciclastic sediment include terranes exposed along the Transcontinental 
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 Arch, such as the Yavapai-Mazatzal, Trans-Hudson, Penokean, Midcontinent Granite-
Rhyolite, and anorogenic granites, as well as the Grenville orogenic province.   
U-Pb geochronology of detrital zircon grains in quartz arenites has become a 
valuable tool for determining sediment provenance and aiding in paleogeographic 
reconstructions (e.g., Rainbird et al., 1997; Dickinson and Gehrels, 2009; Fan et al., 
2011; Rainbird et al., 2012) .  Advances in laser ablation - inductively coupled plasma - 
mass spectrometry (LA-ICP-MS) have reduced the amount of time required for 
analyzing zircon grains and determining crystallization ages (Hietpas et al., 2011).   
Detrital zircon geochronology of the Paleozoic succession of the Ouachita facies, 
including the deep-water equivalents of the Simpson Group, Everton Formation, and St. 
Peter Formation, the Crystal Mountain, Blakely, and Womble formations (Krueger and 
Ethington, 1991; Suhm, 1997), indicates the sediment source for these units was 
dominantly Grenvillian, with lesser amounts from Granite-Rhyolite and Archean sources 
Shaulis (2010).  Thermal ionization mass spectrometry (TIMS) of 21 detrital zircon 
grains from the Blakely Formation, in concert with neodymium isotope studies, indicate 
a Grenvillian-dominated age population, with a secondary Archean population and 
minor representation from the Granite-Rhyolite Province for sediment accumulated in 
the Ouachita Trough (Gleason et al., 2002).  This study provides the detrital zircon 
geochronology of Middle Ordovician (Whiterockian) shelf sandstones of the southern 
Midcontinent of the United States.  Five samples from Oklahoma, and four from 
2
 Arkansas, were collected and analyzed to determine changes in sediment provenance 
through the Whiterockian. 
Geologic Setting 
 The South Ozark Platform and Oklahoma Shelf were located on the southern 
Laurentian shelf, in Arkansas and Oklahoma in the southern U.S. Midcontinent.  In the 
earliest Whiterockian, the shelf area (Figure 2) was bordered to the north and northwest 
by a landscape dominated by karsted carbonates and possible eolian sand dunes, with the 
shallow shelf continuing eastward (Suhm, 1997).  The shelf was rimmed on the south 
and southwest by the Southern Oklahoma Aulacogen, which began subsidence and 
infilling with sediment in the Cambrian (McConnell and Gilbert, 1990).  To the south 
and southeast was the deep-marine Ouachita Trough.  With rising sea levels, the shallow 
shelf covered most of the Midcontinent by the Late Whiterockian (Figure 3), with the 
Ozark Dome to the north of the South Ozark Platform the only large-scale positive 
feature (Suhm, 1997). 
 The sandstone units of the Everton Formation represent the first major 
siliciclastic influx onto the South Ozark Platform and Oklahoma Shelf following the 
Sauk-Tippecanoe unconformity (Finney, 1997; Suhm, 1974, 1997; Bunker et al., 1988; 
Sloss, 1963, 1988).  The Calico Rock Member of the Everton Formation is the oldest 
areally-extensive sandstone unit of the Middle Ordovician in the southern Midcontinent 
(Figures 1 and 2), although there are isolated sand lenses within older Everton Formation 
units (Suhm, 1974, 1997).  The Calico Rock Sandstone has a maximum thickness of 
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 about 60 m, averaging 20-25 m thickness over most of its extent (Suhm, 1975; 1997).  
Cementation is most often siliceous, with rare calcite and dolomite cementation (Suhm, 
1974).  The silica-cemented Calico Rock Sandstone is composed predominantly of fine- 
to medium-grained, subrounded, well-sorted quartz grains with common quartz 
overgrowths (Suhm, 1975).  Where the Calico Rock Sandstone is carbonate-cemented, 
quartz grains are medium-grained, rounded to well-rounded, well-sorted, and frosted 
(Suhm, 1975).  The Calico Rock Sandstone was deposited in a strand plain or advancing 
barrier-bar environment, with longshore currents carrying sediments to the southwest 
from a point source to the north (Suhm, 1975; 1997).  Deposition extended to the south, 
into the Ouachita Trough, where coeval sedimentation likely formed the basinal Crystal 
Mountain Sandstone (Suhm, 1997).   
Deposited coevally with the Calico Rock Sandstone on the Oklahoma Shelf, but 
of limited areal extent, is the carbonate-dominated Joins Formation, the basal unit of the 
Simpson Group (Schramm, 1965; Suhm, 1997).  The Joins Formation was excluded 
from this study due to its poor exposure and lack of abundant siliciclastic sediment in 
outcrop (Denison, 1997). 
As relative sea level rose, shoreline sandstone deposition back stepped northward 
(Figure 2).  The Basal Oil Creek Sandstone was deposited on the Oklahoma Shelf and in 
the Oklahoma Basin northwestward of the Calico Rock shoreline, and reaches a 
thickness of over 100 m (Candelaria et al., 1997; Suhm, 1997).  The up-dip equivalent of 
the Oil Creek Sandstone in northeastern Oklahoma and Arkansas is the Newton 
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 Sandstone (Suhm, 1997).  The sandstone in these units were deposited in barrier, back-
barrier, and peritidal environments (Suhm, 1997).  The Oil Creek Formation 
conformably overlies the Joins Formation where it is present, and unconformably 
overlies the Arbuckle Group where the Joins Formation is absent, as in the study area 
(Schramm, 1964).  In the study area, sandstones of the Oil Creek Formation possess 
exceptional reservoir quality (>30% porosity, 1-2.5 Darcy permeability) due to excellent 
rounding and sorting of grains, and preservation of pore space by illite clay coatings of 
individual grains (McPherson et al., 1988; Denison, 1997). 
At the base of the Simpson Group formations are major sandstone units (or 
conglomerate in the Joins Formation) with sharp basal contacts (Statler, 1965).  The 
sandstone unit at the base of the Oil Creek Formation, the Basal Oil Creek Sandstone, 
grades upward into shale and carbonate, with scattered thin-bedded sandstone units 
(Ireland, 1965; Statler, 1965).  These thin sandstone units are interpreted as stranded 
shoreface sandstones (Candelaria et al., 1997).  This cyclic siliciclastic/shale-carbonate 
depositional pattern is repeated in the overlying McLish, Tulip Creek, and Bromide 
formations.   
The Basal McLish Sandstone has a maximum thickness of 45 m, is composed of 
fine- to medium-grained, well rounded, frosted quartz grains, variously cemented by 
silica and carbonate.  The Basal McLish Sandstone is a peritidal sand complex, with 
local channels cutting into the underlying Oil Creek Formation (Suhm, 1997).  The Basal 
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 McLish Sandstone was deposited further seaward of the Oil Creek sandstone (Figures 2 
and 3), indicating it formed during a sea level lowstand (Suhm, 1997).   
The shale and carbonate units of the upper portion of the McLish Formation 
grade eastward into the lowermost St. Peter Sandstone.  In northern Arkansas, the St. 
Peter Sandstone was deposited disconformably on the Everton Formation (Craig, 1991).  
Quartz sand grains of the St. Peter Sandstone are well-rounded and well-sorted, and may 
record reworked eolian dune complexes flooded by transgressive seas (Dott et al., 1986; 
Suhm, 1997).  This sediment was transported to the southwest via longshore currents as 
strandline sands (Figure 3), and deposited on the South Ozark Platform (Craig, 1991; 
Suhm, 1997).  Upper St. Peter Formation sandstones in northern Arkansas are coeval 
with, and likely supply sediment to, the Tulip Creek Formation sandstone units in 
Oklahoma (Suhm, 1997).  Nearshore shelf sandstones of the upper St. Peter Formation 
in northern Arkansas grade conformably upward into tidal flat facies of the Joachim 
Formation (Craig, 1991).   
The Tulip Creek Formation is truncated in much of Oklahoma by the overlying 
Bromide Formation, being preserved only within the Southern Oklahoma Aulacogen, an 
area of relatively greater subsidence (Denison, 1997).  The Tulip Creek Formation often 
is confused in the subsurface with the Bromide Formation, and is colloquially referred to 
as the “Third Bromide Sandstone” (Schramm, 1964; Suhm, 1997).  It is composed of 
fine- to medium-grained, well-rounded, well-sorted quartz grains with siliceous or 
dolomitic cement (Suhm, 1997).  Shale interbeds also occur within this unit, and shale 
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 fragments may be present within the sandstone beds (Cronenwett, 1956).  The Basal 
Tulip Creek Sandstone (Figure 3) was sourced from the northeast, and dispersed 
southwestward via longshore currents (Suhm, 1997).  This unit is interpreted as a broad 
stillstand shoreface sand (Dapples, 1955), or as a shallow-water subaqueous fan or delta 
system (Suhm, 1997). 
Bromide Formation deposition represents the beginning of the Mohawkian Series 
of the Late Ordovician, coinciding with a decline in siliciclastic deposition in the study 
area (Schramm, 1964).  The Bromide Formation has a similar cyclic depositional pattern 
to older Simpson Group units, but its basal sandstone units are more sporadically 
distributed (Suhm, 1997).  Bromide Formation outcrops, where both the top and bottom 
of the unit could be definitively identified, were not observed and the Bromide 
Formation was not included in this study. 
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 METHODS 
 
 Sample Collection 
Samples of Simpson Group sandstones were collected in the Arbuckle Mountains 
of southern Oklahoma (Figure 4), at the base of three siliciclastic units, the basal 
sandstone members of the Oil Creek, McLish, and Tulip Creek formations, and tops of 
the McLish and Tulip Creek sandstone units.  The Oil Creek Formation was sampled at 
the base of the formation (Figures 5a-b), immediately above the Arbuckle unconformity, 
in the US Silica Mill Creek quarry, south of the town of Mill Creek, Oklahoma 
(McPherson et al., 1988).  The McLish and Tulip Creek formations were sampled in 
road cut outcrops along US Hwy 77, north of the town of Springer, Oklahoma, at 
locations identified by roadside markers erected by the Ardmore Geological Society 
(Figure 5c-f).  
Samples from the base and top of the Calico Rock Member of the Everton 
Formation and the overlying St. Peter Formation were collected in the Ozark National 
Forest in northern Arkansas (Figure 4).  The early Whiterockian Calico Rock sandstone 
is the oldest major sandstone unit deposited in the Southern Midcontinent following 
deposition of Cambro-Ordovician platform carbonates.  It is the lowermost sandstone-
dominated member of the Everton Formation (Suhm, 1974; 1975; 1997).  Samples from 
the base and top of the Calico Rock sandstone were collected near the town of Calico 
Rock, Izard County, Arkansas (Figure 5g-h).   
8
 The St. Peter Sandstone occurs in outcrop or in the subsurface from the Upper 
Midwest to the southern Midcontinent.  In the study area in northern Arkansas, onset of 
St. Peter deposition is roughly coeval with deposition of the McLish Formation of 
Oklahoma (Figure 1).  Deposition of the uppermost St. Peter Sandstone in Arkansas is 
roughly coeval with deposition of the basal sandstone member of the Tulip Creek 
Formation in Oklahoma.  The upper St. Peter Sandstone was collected south of the town 
of Allison, Stone County, Arkansas (Figure 5i; Craig and Deliz, 1988), and the Lower 
St. Peter Sandstone was collected near the Big Creek Bridge on Arkansas Hwy 14, 
Searcy County, Arkansas (Figure 5j; McFarland et al., 1979). 
Detrital zircon samples of each unit in this study consisted of two one-gallon 
bags (5-10 kg) of rock fragments, collected from fresh outcrop.  When the situation 
permitted, the samples were broken into approximately 3 cm x 3 cm x 2 cm, or smaller, 
fragments in the field.  All hammers, picks, and chisels were cleaned in the field with 
wire brushes before and after sample collection. 
Sample Preparation 
All further sample preparation took place at Texas A & M University.  Upon 
returning from the field, samples were washed to remove excess soil and sediment, as 
well as any biological material such as moss and lichen.  Any remaining samples not yet 
reduced in size to fragments approximately 3 cm x 3 cm x 2 cm, or less, were broken 
with a 4- or 8-pound sledge hammer that was cleaned with soap and water and wire 
brushes between samples to prevent cross-contamination.  These fragments were then 
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 processed through a jaw crusher, reducing the sample to rock chips no larger than 
approximately 2 cm x 1 cm x 0.5 cm.  The resulting rock chips were then passed through 
a disc mill, which reduced the sample to particles no larger than medium-grained sand.  
These particles were then passed over a Wilfley table set at approximately 30°, which 
separated the grains based on density.  This process separated heavy minerals, including 
zircon, from the bulk of the remaining sample which was dried and saved.  Metal filings 
from the jaw crusher and disc mill, as well as any magnetic mineral grains in the sample, 
were removed with a neodymium-boron hand magnet.  The remaining dense grains were 
then separated in liquid using methyl iodide (MEI).  Denser minerals such as zircon pass 
through this liquid, whereas less dense minerals remain suspended.  Zircon grains were 
then separated by hand, under microscope, from other dense mineral grains, such as 
apatite, garnet, rutile, tourmaline, titanite, and pyrite. 
The separated zircon grains were then set in 1-inch diameter epoxy pucks.  Three 
to four samples were set in each puck, along with two sets of standard zircon grains 
(Figure 6).  Standards were provided by the Washington State University GeoAnalytical 
Lab, and included FC1 and Peixe, with accepted standard ages of 1099 Ma and 564 Ma, 
respectively.  The epoxy pucks were lathed to approximately 5 mm thickness; sanded 
and polished with 6 µm, 1 µm, and 0.25 µm diamond grit; and carbon-coated, before 
being imaged with cathodoluminescence (CL) and back-scattered electron (BSE) using 
the Cameca SVX50 scanning electron microprobe in the Department of Geology and 
Geophysics at Texas A & M University.  CL was used to image zonation within the 
individual grains, as well as fractures and pitting which could fascilitate lead loss from 
10
 the crystal lattice.  BSE was used to distinguish zircon grains from other heavy minerals 
that were not removed from the sample set.  The BSE images were also used to create a 
numbered map of each sample set, which aided in the determination and tracking of 
analyzed grains.  
Sample Analysis 
The zircon grains were dated through U-Pb analysis by laser ablation-inductively 
coupled plasma-mass spectrometry (LA-ICP-MS) in the GeoAnalytical lab at 
Washington State University (WSU), Pullman, Washington.  Ablation was accomplished 
using a New Age™ UP-213 (Nd-YAG 213 nm) Laser Ablation System coupled with a 
Thermo Finnigan Element 2™ inductively coupled plasma mass spectrometer.  Samples 
were analyzed on two separate trips to WSU.  Samples AS2, S5, CR, USSB, and TCT were 
analyzed in October 2011, with the laser set at a frequency of 10 Hz with an ablation 
diameter of 30 µm.  Samples BC, BT, TM, and BM were analyzed in February 2012, with 
the laser frequency reduced to 5 Hz for all four samples to accommodate zonation (Vervoort, 
personal communication).  The laser diameter was reduced to 20 µm for sample BM due to 
an abundance of smaller grains in the sample.  Standard grains were analyzed between sets 
of 10-12 sample zircons. 
Sample Size 
Approximately 115 grains from each sample set were chosen for ablation, 
hopefully yielding a resultant population of greater than 100 useable grains.  The sample 
populations were picked without regard to size, shape, or color, with only those grains 
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 which showed obvious zonation or pitting, cracking, or other damage purposely avoided.  
In general, 117 grains per sample are required to be analyzed to provide a 95% 
confidence of dating at least one grain of an age range representing more than 5% of the 
total population (Vermeesch, 2004).  This approach focuses significance on clustered 
age groupings within the sample set, and may not identify minor components within the 
sample set with certainty (Gehrels, 2012).  Post-reduction, the minimum useable grain 
population was 80 detrital zircon grains, in sample BC.  A summation of grain 
populations for each sample and associated probabilities is located in Table 1.   
Data Reduction 
The LA-ICP-MS determined 238U-206Pb, 235U-207Pb, and 207 Pb-206Pb ratios which 
were then cleaned and reduced following the methods of Chang et al. (2006) to yield 
probable ages, with uncertainties, for the analyzed grains.  Ages determined with 
reference to the FC1 standard were found to be more concordant, overall, than those 
determined with reference to the Peixe standard.  207Pb/206Pb ages are considered more 
precise for “old” samples (>1.4 Ga) than are 238U-206Pb and 235U-207Pb ages (Gehrels, 
2012).  Because the majority of grains sampled (70%) were dated at >1.4 Ga, ages 
reported in this study are 207Pb/206Pb ages associated with the FC1 standard.  Sample 
grains with greater than 10% discordance were culled from the final data set.   
Wetherill Concordia diagrams (Figure 7) and probability-density plots (Figure 8) 
were created for each sample using Isoplot, a Microsoft Excel add-in developed by the 
Berkeley Geochronology Center (Ludwig, 2003).  The probability density plot uses the 
12
 determined ages and corresponding first standard deviations for grains in a given set to 
graphically represent sample probability distributions.    
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 DATA 
 
 Probability-Density Plots 
 Age ranges of basement surrounding the U.S. Midcontinent are displayed on 
paleogeographic reconstruction maps (Figures 2 and 3), and are plotted graphically 
(Figure 9).  These basement ages were compared with zircon ages represented in the 
probability density plots of each sample to determine possible ultimate source terranes 
for Ordovician quartz arenites in the southern Midcontinent.  Table 1 provides a 
summary of populations for each sample.  None of the samples in this study have detrital 
zircon grains younger than 900 Ma.  Samples for each unit are discussed below, and are 
listed in general order of deposition.   
The lower and upper portions of the Calico Rock Sandstone have similar 
probability-density profiles (Figure 8a).  Both samples have their largest detrital zircon 
populations between 900 Ma and 1200 Ma (lower: n=42, 53%; upper: n=55, 59%), with 
an abrupt decrease in number of grains near 1200 Ma.  The upper and lower Calico Rock 
samples both have distinct Archean populations between 2600 Ma and 2800 Ma (lower: 
n=22, 28%; upper: n=14, 15%) and Paleoproterozoic populations between 1350 Ma and 
1550 Ma (lower: n=11, 14%; upper: n=20, 21%).  The lower Calico Rock sample has a 
distinct, yet small, population of ~1600 Ma (n=2) and ~1850 Ma (n=2) zircons.  The 
lower Calico Rock sample has single grains at about 2550 Ma and 2850 Ma.  The upper 
14
 Calico Rock sample also has a small number of grains with ages of ~1650 Ma (n=2), 
~1750 Ma (n=1), and ~1850 Ma (n=1).   
The basal sandstone member of the Oil Creek Formation has three distinct 
populations (Figure 8b).  The largest population occurs between 2600 Ma and 2900 Ma, 
centered at about 2700 Ma (n=78, 73%).  There is a distinct population centered at about 
1850 Ma (n=19, 18%), and another significant population between 1050 Ma and 1100 
Ma (n=6, 6%).  Single Paleoproterozoic grains occur at roughly 1950 Ma and 2050 Ma.  
Single Archean grains occur at about 2500 Ma and 3150 Ma. 
Samples from the lower and upper portions of the basal sandstone of the McLish 
Formation have similar probability-density distributions (Figure 8b).  Both samples have 
major Archean populations between 2650 Ma and 2900 Ma (lower: n=50, 60%; upper: 
n=60, 71%).  Both samples have populations between 1300 Ma and 1450 Ma (lower: 
n=14, 17%; upper: n=12, 14%) and 1600 Ma to 1700 Ma (lower: n=11, 13%; upper: 
n=6, 7%), with minor 1750 Ma to 1900 Ma populations (lower: n=6, 7%; upper: n=6, 
7%).  Both samples have small populations between about 1000 Ma and 1200 Ma 
(lower: n=5; upper: n=3).  There are no grains in either sample with ages between 1900 
Ma and 2600 Ma.     
The largest populations in both the upper and lower St. Peter Sandstone samples 
are Archean (lower: n=63, 63%; upper: n=45, 44%), with the majority of grains between 
2600 Ma and 2800 Ma, and minor populations at 2900 Ma (n=2) in the lower sandstone, 
and 2500 Ma (n=2) and 2950 Ma to 3000 Ma (n=2) in the upper sandstone (Figure 8c).  
15
 The Upper and Lower sandstones of the St. Peter Formation have a large proportion of 
1000 Ma to 1300 Ma grains (lower: n=26, 26%; upper: n=38, 37%).  The Lower St. 
Peter sandstone has a moderate population concentrated at 1000 Ma to 1150 Ma (n=21), 
with minor populations at 1200 Ma (n=2) and 1300 Ma (n=3), and the Upper St.Peter 
sandstone has more 1000 Ma to 1250 Ma grains (n=35).  Peaks in both samples are 
centered at about 1100 Ma.  The Upper St. Peter sandstone has a larger population of 
1300 Ma to 1500 Ma grains (n=15, 15%) than the Lower St. Peter sandstone, which has 
single grains at 1400 Ma and 1500 Ma.  The Upper St. Peter sandstone has a small 
population of 1650 Ma to 1750 Ma (n=2), and 1875 Ma to 1975 Ma (n=2) grains.  The 
Lower St. Peter sandstone has a small population of grains between 1800 Ma and 1900 
Ma (n=8), but lacks any 1550 Ma to 1750 Ma grains.  There are no detrital zircon grains 
in the Lower St. Peter sandstone sample between 1950 Ma and 2600 Ma, and the Upper 
St. Peter sandstone sample lacks grains between 2000 Ma and 2450 Ma. 
Both the lower and upper samples from the Tulip Creek Formation have Archean 
populations centered at about 2700 Ma, with major concentrations between 2650 Ma and 
2750 Ma (Figure 8b).  The total Archean populations (lower: n=64, 66%; upper: n=69, 
66%) include small peaks at ~2800 Ma (n=5) and 3000 Ma (n=2), single grains at 2550 
Ma, 2950 Ma, and 3600 Ma in the lower sample; and a minor population between 2750 
Ma and 2850 Ma (n=7), and single grains at about 2850 Ma and 2900 Ma in the upper 
sample.  Both Tulip Creek Formation samples have substantial populations of 1000 Ma 
to 1200 Ma grains (lower: n=23, 24%; upper: n=19, 18%), in addition to small 
populations at about 1900 Ma (lower: n=3; upper: n=6) and between 1300 Ma and 1400 
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 Ma (lower: n=2; upper: n=3).  The lower sample has a minor population at about 1450 
Ma (n=4), and the upper sample has a minor population at about 1500 Ma (n=2).  Single-
grain Paleoproterozoic populations occur at about 1950 Ma in the lower sample, and 
1750 Ma, 1800 Ma, 2050 Ma and 2400 Ma in the upper sample.   
 Overlap, Similarity, and K-S Statistic 
Three statistical methods are used to analyze the degree to which detrital zircon 
sample sets are similar or dissimilar: overlap, similarity, and the Kolmorgorov-Smirnov 
(K-S) statistic (Gehrels, 2012).  These analyses were conducted using Microsoft Excel 
Add-in programs available via the website of the Arizona LaserChron Center, 
Department of Geosciences, University of Arizona (LaserChron).   
Overlap measures the degree to which age clusters represented in a sample set 
overlaps with age clusters represented in multiple other sample sets, indicating the 
relative presence or absence of given population clusters (Gehrels, 2000; 2012).  Overlap 
is presented on a scale of 0 to 1, with 0 representing no overlap in ages (the population 
clusters are not at all alike), and 1 being perfect overlap (population clusters in compared 
sets cover the exact same age windows (Gehrels, 2000; 2012).  The samples in this study 
had a minimum overlap of 0.334, between the upper Calico Rock and lower Basal Oil 
Creek sandstones, and a maximum overlap of 0.870, between the upper and lower Basal 
McLish sandstones (Table 2).  The mean overlap for the samples is 0.665, the median 
overlap is 0.671, and the 1-σ is 0.112. 
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  The similarity measurement is also presented on a scale of 0 to 1.  This 
measurement uses the sum of the square root of the product of a pair of probabilities to 
determine how similar two sets of data may be (Gehrels, 2000; 2012).  A similarity value 
approaching 0 indicates a large difference in population size in similar population 
clusters in different sample sets; a similarity value of 1 shows perfect similarity, that is, 
similar proportions of overlapping ages (Gehrels, 2000; 2012).  As with the overlap, the 
lowest similarity value in this study is between the upper Calico Rock sandstone and 
lower Basal Oil Creek sandstone (Table 3), with a value of 0.372, and the maximum 
similarity is between the upper and lower Basal McLish sandstones, with a value of 
0.881.  The mean similarity in the study is 0.724, the median similarity is 0.743, and the 
1-σ is 0.102. 
The K-S statistic measures the dissimilarity between two populations.  The P-
value is the probability that two samples are not statistically different, and ranges 
between 0 and 1.  A P-value of >0.05 indicates a >95% probability that two compared 
samples are not different (Gehrels, 2012).  This test is sensitive to the proportion of ages 
present within samples. Samples with perfect overlap can be shown with this test to not 
be sourced from the same area (with 95% confidence), simply because ages are present 
in different proportions (Gehrels, 2012).  Consequently, the value of the K-S statistic is 
questionable for use in detrital zircon studies (Gehrels, 2012).  K-S statistic values for 
the samples in this study (Table 4) range from 0.000 to 0.851.  This large value occurs in 
comparison of the upper and lower samples of the Tulip Creek Formation.  By the 
reasoning of the K-S statistic, it is not likely that these two samples share a common 
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 source, though their similarity value is greater than the median and mean similarity for 
the sample set.  
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 DISCUSSION 
 
Source Terranes 
 Ordovician siliciclastic sediment in the southern Midcontinent of North America 
was ultimately sourced from five major cratonic terranes (Figures 2, 3, and 9): 1) 
Canadian Shield/Superior Province, 2) Penokean/Trans-Hudson orogenic provinces, 3) 
Yavapai-Mazatzal provinces, 4) the Granite-Rhyolite Province and associated 
anorogenic granites of the central Midcontinent, and 5) the Grenville orogenic province.  
Detrital zircon grains older than 2.5 Ga are attributed to the Archean Superior Province 
(Dickinson and Gehrels, 2009).  The Superior Province forms the bulk of the stable 
Archean craton of eastern Canada.  The Trans-Hudson Orogen represents the suturing of 
the Superior Province to the Hearne and Wyoming cratons to the north and west between 
1.78 Ga and 1.92 Ga (Whitmeyer and Karlstrom, 2007).  1.8-2.0 Ga grains are attributed 
to this orogenic event and its related juvenile crust (Dickinson and Gehrels, 2009).   
The Penokean Province (1.835-1.875 Ga) comprises a belt of igneous and 
metasedimentary rocks extending from Minnestoa to northern Michigan (Van Schmus, 
1976), and is roughly coeval with the Trans-Hudson Province (Whitmeyer and 
Karlstrom, 2007).  The area covered by this terrane is relatively small compared to the 
adjoining Superior Province, but it is important due to its proximity to Middle 
Ordovician sediment dispersal pathways (Figures 2 and 3).  Grains dated to roughly 1.85 
Ga are attributed to the Penokean Province. 
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 The Yavapai-Mazatzal Province consists of 1.7-1.8 Ga and 1.6-1.7 Ga juvenile 
crust assembled in two orogenic events at 1.71-1.68 Ga (Yavapai) and 1.65-1.60 Ga 
(Mazatzal), respectively, that stretch from the southwestern United States to the northern 
Midcontinent (Whitmeyer and Karlstrom, 2007).  The orogenic events are generally 
combined when discussing sediment provenance.  The coeval Labradorian Province of 
northeastern Canada is likely related to the Mazatzal province, and could also have acted 
as a source of sediment for the northern Midcontinent (Whitmeyer and Karlstrom, 2007). 
Detrital zircon grains dated to between 1.60 and 1.8 Ga are considered to be sourced 
from the Yavapai-Mazatzal Province, or possibly the Labradorian Province. 
The Granite-Rhyolite province was accreted to the southeast margin of the 
Mazatzal province between 1.55 Ga to 1.3 Ga (Bickford et al., 1986; Van Schmus et al., 
1996; Whitmeyer and Karlstrom, 2007).  Associated 1.48-1.34 Ga granitic intrusives are 
dispersed throughout the Granite-Rhyolite Province, and throughout Paleoproterozoic 
crust to the north and west (Van Schmus et al., 1996; Whitmeyer and Karlstrom, 2007; 
Dickinson, 2008).  Commonly thought of as anorogenic, these intrusives may be the 
result of continental arc magmatism or collision of juvenile terranes to the south 
(Whitmeyer and Karlstrom, 2007).   Detrital zircon grains between 1.55 and 1.30 Ga are 
attributed to the coeval Granite-Rhyolite and anorogenic provinces. 
The Grenville orogenic province was assembled on to the southern and eastern 
margins of Laurentia between 1.3 and 0.9 Ga, and marks the final assembly of the 
supercontinent Rodinia (Hoffman, 1991; Whitmeyer and Karlstrom, 2007).  It is 
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 composed of multiple blocks sutured to Laurentia in multiple orogenic events, and 
sutured by intrusive granitoids (Corrigan and Hanmer, 1997; Whitmeyer and Karlstrom, 
2007).  Grenville-age basement rocks occur in the eastern Midcontinent of the United 
States, through the northeastern states into eastern Canada, and also occur in Texas 
(Whitmeyer and Karlstrom, 2007). 
 Sediment Provenance 
 Detrital zircon populations for the lower and upper Calico Rock sandstones are 
dominated by grains sourced from the 900 Ma to 1300 Ma Grenville orogenic province, 
with 53% and 59% of grains, respectively, of Grenville age.  Both samples have similar 
secondary populations of grains sourced from the 1300 Ma to 1550 Ma Granite-
Rhyolite/Anorogenic and >2500 Ma Archean Canadian Shield/Superior provinces.  The 
lower and upper Calico Rock sandstones have relatively high overlap and similarity 
values of 0.774 and 0.825 (Tables 2 and 3), respectively, indicating a stable source area 
in eastern Canada throughout Calico Rock deposition. 
 The early Whiterockian transgression which moved the southern Laurentian 
shoreline northward also had an effect on sediment sourced to the southern 
Midcontinent.  The Grenville-age sediment source which dominated Calico Rock 
deposition contributes only 6% of detrital zircon grains in the Oil Creek sample.  The 
detrital zircon population in the Basal Oil Creek sandstone is composed predominantly 
(75%) of Archean grains sourced from the Superior Province of the Canadian Shield 
(Table 1).  Archean grains are the dominant group in all younger samples in this study as 
22
 well.  A distinct peak in the probability-density curve at about 1850 Ma, represents 
sediment likely sourced from the Penokean orogenic province.  There are no grains in 
the Oil Creek sample representing the Granite-Rhyolite/anorogenic or Yavapai-Mazatzal 
provinces.  The provenance change from primarily Grenvillian sources during deposition 
of the upper Calico Rock sandstone to Archean sources during Basal Oil Creek 
deposition, which is qualitatively evident in comparison of the probability density 
diagrams (Figure 8), is further evidenced by the two samples having the lowest overlap 
(0.334) and similarity (0.372) values in the study (Tables 1 and 2). 
 In addition to the dominant Archean grain population, both the lower and upper 
samples from the Basal McLish sandstone have 1300 Ma to 1550 Ma populations (17% 
and 14%, respectively) representing the Granite-Rhyolite/Anorogenic Province, and 
1600 Ma to 1700 Ma populations (13% and 7%, respectively) representing the Yavapai-
Mazatzal Province.  These detrital zircon grain populations were likely sourced from 
exposed basement rocks on the Nemaha Ridge in northeastern Kansas (Witzke, 1980), 
whose basement rocks are similar in age to those which sourced the McLish Formation 
samples in this study (Bickford et al., 1981).  The McLish samples are the only samples 
in this study with significant 1600 Ma to 1700 Ma grain populations sourced from the 
Yavapai-Mazatzal Province.  The two McLish samples have the highest overlap and 
similarity values for any pair of samples in the study (0.870 and 0.881, respectively; 
Tables 1 and 2), indicating relatively constant sediment sources during deposition of the 
Basal McLish sandstone. 
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  The lower St. Peter Formation is coeval with the shale and carbonate succession 
of the upper McLish Formation and the lower Tulip Creek Formation sandstones (Suhm, 
1997).  Both the lower St. Peter Formation and lower Tulip Creek Formation samples 
have significant populations of 1000 Ma to 1300 Ma Grenville-sourced grains (26% and 
24%, respectively).  The lower St. Peter sandstone and lower Tulip Creek sandstone 
samples have an overlap value of 0.675 (Table 2), which is near the median of the 
sample set (0.671).  However, the similarity in proportional distribution within the 
overlapping population is a relatively high 0.820 (Table 3).  The upper St. Peter 
sandstone has significant populations of both Grenville (37%) and Granite-
Rhyolite/Anorogenic-sourced grains (15%).  This indicates a change in sediment supply 
away from Archean-dominated sources.  When compared with the most Archean-
dominated sample, the Basal Oil Creek sandstone (75% Archean), the overlap is 0.483 
(Table 1), the second lowest overlap value in the study.  The similarity value for the 
upper St. Peter sandstone and the Basal Oil Creek sandstone is also a comparatively low 
0.607 (Table 2). 
 All samples have 1800 Ma to 2000 Ma populations of varying sizes representing 
derivation from either the Trans-Hudson or Penokean orogenies.  However, within the 
total population, there are only five grains with ages between 1900 Ma and 2000 Ma.  
Where there is a distinct probability-density peak, in all samples the peak is centered at 
about 1850 Ma.  This indicates that the majority of grains analyzed in this time interval 
are likely sourced either directly from the Penokean orogenic province, or from recycled 
sediments originally sourced from the Penokean Province.  The Trans-Hudson orogenic 
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 province (1.8-1.9 Ga) was likely not a major contributor of sediment to the southern 
Midcontinent in the Whiterockian, whereas it provided much of the sediment for the 
Middle-Late Ordovician quartz arenites of western Laurentia (Pope, 2008; Baar, 2008; 
Wulf, 2011; Hutto, 2012; Workman, 2012).  
Grain Recycling 
The durability of zircon grains means they remain in the system with siliciclastic 
sediment as it is reworked in multiple cycles of sedimentation and deposition (Thomas, 
2011).  This is undoubtedly the case with at least some of the sediment analyzed in this 
study.  There are few detrital zircon studies of late Precambrian and Cambro-Ordovician 
quartz arenites in the northern Midcontinent to compare with the samples in this study 
that could show direct sourcing and recycling from an existing quartz arenite.  The 
Cambro-Ordovician Potsdam and Galway formations of New York contain 
predominantly Grenville sediment, with over 90% of zircon grains of Grenville age 
(Montario and Garver, 2009).  Older grains are thought to be reworked from older 
sedimentary deposits, or sourced locally from minor outcrops of Archean basement 
(Montario and Garver, 2009).    
Detrital zircon studies of Proterozoic quartz arenites in the northern Midcontinent 
have shown that large amounts of time and extensive transport distances are not required 
to produce supermature quartz arenites (Van Wyck and Norman, 2004).  First-cycle 
quartz arenites are today being deposited in sub-equatorial environments of intense 
weathering, at latitudes similar to that of the Middle Ordovician southern Laurentian 
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 margin (Dott, 2003).  It is possible that grains in the southern Midcontinent were directly 
sourced from the Archean Superior Province or from the Grenville Province.  However, 
the presence of thick Proterozoic quartz arenites in the northern Midcontinent (e.g. 
quartz arenites of the Huron Supergroup), may suggest a multi-cycle history for many of 
the detrital zircons in this study.  Though grains vary in size and sphericity, all grains 
analyzed in this study are well rounded.   
Within the scope of this study, it is not possible to differentiate between first-
cycle zircons and multi-cycle detrital zircon grains.  Source terranes identified in this 
study are the ultimate sources of detrital zircon grains in the Ordovician quartz arenites.  
In most cases, these sources likely do not represent a direct sourcing of sediment from 
exposed basement rock.  Further trace element analysis is required to determine the 
genetic relationships of zircons analyzed in this study to specific source regions with 
very similar ages (e.g. Penokean and Trans-Hudson orogenies), and to determine a more 
exact source region within a source terrane. 
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 CONCLUSIONS 
 
 Detrital zircons from nine samples of supermature Middle Ordovician 
(Whiterockian) quartz arenites in the southern US Midcontinent were analyzed for U-Pb 
geochronology.  Ages determined from this analysis were compared with known ages of 
North American basement terranes to determine sediment provenance.  Changes in 
detrital zircon grain provenance indicate changes in geographic source area and source 
terrane. 
Detrital zircon grains in early Whiterockian Calico Rock sandstones were sourced 
dominantly from the Grenville Orogenic Province, with secondary grain populations 
sourced from the Granite-Rhyolite/Anorogenic Province and Superior Province.  As the 
sea transgressed, moving shelf siliciclastic deposition northward, the sediment source 
changed to one dominated by Archean grains from the Transcontinental Arch. 
1600 Ma to 1700 Ma Yavapai-Mazatzal grains and 1300 Ma to 1550 Ma grains in 
the lower and upper Basal McLish sandstones are likely sourced from exposed 
Precambrian basement in northeastern Kansas along the Nemaha Ridge.  In the study, 
this is the only clear evidence for direct input of first-cycle grains into the Middle 
Ordovician southern Midcontinent.     
As relative sea level receded during deposition of the St. Peter Formation and coeval 
siliciclastic units, sediment supply patterns changed again, with increasing sediment of 
Grenville origin making its way to the southern Midcontinent. 
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 Very little, if any, Middle Ordovician siliciclastic sediment in the southern 
Midcontinent was sourced from the Trans-Hudson Orogen.  The majority of detrital 
zircon grains in this study between 1800 Ma and 2000 Ma are attributed to the Penokean 
orogenic source. 
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 APPENDIX A 
FIGURE CAPTIONS 
 
Figure 1: Stratigraphic chart for the study area in the southern US Midcontinent, with 
Ordovician series boundaries (Gradstein et al., 2004) and relative sea level curve (Haq 
and Schutter, 2008).  Yellow colored units are sandstones sampled for this study.  The 
relative stratigraphic locations of samples are denoted with a red circle.  Grey areas 
indicate periods of erosion or depositional hiatus.  Adapted from Suhm (1997), 
Gradstein et al., 2004), Haq and Schutter (2008), Bergstrom et al. (2009), and Webby et 
al. (2004). 
Figure 2: Paleogeographic map of the US Midcontinent in the Early Whiterockian 
(Middle Ordovician), during deposition of Calico Rock and Oil Creek sandstones.  
Major sandstone units are colored in shades of yellow.  Paleozoic basement provinces 
are color coded.  Study areas are boxed.  Adapted from Suhm (1997), Whitmeyer and 
Karlstrom (2007), Dickinson and Gehrels (2009).  Paleoequator from Scotese (2004). 
Figure 3: Paleogeographic map of the US Midcontinent in the Late Whiterockian 
(Middle Ordovician), during deposition of McLish, Tulip Creek, and St. Peter 
sandstones.  Major sandstone units are colored in shades of yellow.  Paleozoic basement 
provinces are color coded.  Study areas are boxed.  Adapted from Suhm (1997), 
Whitmeyer and Karlstrom (2007), Dickinson and Gehrels (2009).  Paleoequator from 
Scotese (2004). 
36
 Figure 4: Map showing general locations of study areas (boxed), with sample locations 
marked with red circles. 
Figure 5: Photographs of sample location sites.  Arrow indicates direction up-section.  
Figures 5a-b: Sedimentary structures are visible in the Basal Oil Creek Sandstone as 
iron-bearing clay minerals are weathered.  Figures 5c-f: Collection site for the lower 
Basal McLish Sandstone (5c; consolidated outcrop beneath float) , upper Basal McLish 
Sandstone (5d), lower Basal Tulip Creek Sandstone (5e; tip of arrow is pointing at in-
place sandstone), and upper Basal Tulip creek Sandstone (5f; heavily bioturbated 
sandstone in sharp contact with shale) along US 77 north of Springer, Oklahoma.  
Regional dip in this area is roughly 55°-60° to the south.  Contacts are denoted by the 
arrow tip.  Figures 5g-h: Lower Calico Rock Sandstone (5g) and upper Calico Rock 
Sandstone (5h; hands sample), collected near the town of Calico Rock, Izard County, 
Arkansas.  Figure 5i: Lower St. Peter Sandstone collected near Big Creek Bridge on 
Arkansas Hwy 14, Searcy County, Arkansas.  The lower St. Peter Sandstone overlies the 
Everton Formation unconformably.  Figure 5j: Upper St. Peter Sandstone, collected near 
the town of Allison, Stone County, Arkansas.  
Figure 6: Image of zircon grains mounted in epoxy puck.  The three circles are detrital 
zircon samples, and the two triangles are standard grains. 
Figure 7: Example of a Wetherill Concordia diagram from sample AS2, the Upper St. 
Peter Sandstone.  
37
 Figure 8: Probability-density plots for the nine samples included in this study, in general 
stratigraphic order (i.e., units represented by plots in Figure 9a were deposited before 
those in 9b, and those in 9b were deposited before or coevally with those in 9c).  
Samples collected in Oklahoma are on the left (Figure 9b) and Samples from Arkansas 
are on the right (Figures 9a and 9c).  Figure 9a: Probability-density plots for the upper 
and lower Calico Rock Sandstone of the Everton Formation.  Figure 9b: Probability 
density plots for sampled intervals of the Simpson Group.  Figure 9c: Probability-density 
plots for Upper and Lower St. Peter Formation. 
Figure 9: Age key for source terranes for probability-density plots.  Ages from 
Whitmeyer and Karlstrom (2007), Dickinson (2008), and Dickinson and Gehrels (2009). 
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Data Tables for Sample CR – 
Upper Calico Rock Sandstone, 
Everton Formation 
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APPENDIX G 
 
Data Tables for Sample USSB – 
Lower Basal Oil Creek Sandstone, 
Oil Creek Formation, Simpson Group 
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APPENDIX H 
 
Data Tables for Sample BM – 
Lower Basal McLish Sandstone, 
McLish Formation, Simpson Group 
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APPENDIX J 
 
Data Tables for Sample BT – 
Lower Basal Tulip Creek Sandstone, 
Tulip Creek Formation, Simpson Group 
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APPENDIX K 
 
Data Tables for Sample TCT – 
Upper Basal Tulip Creek Sandstone, 
Tulip Creek Formation, Simpson Group 
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APPENDIX L 
 
Data Tables for Sample S5 – 
Lower St. Peter Sandstone, 
St. Peter Formation 
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Data Tables for Sample AS2 – 
Upper St. Peter Sandstone, 
St. Peter Formation 
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APPENDIX N 
 
Supplemental Probability-Density Plots 
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APPENDIX O 
 
Wetherill Concordia Plots 
111
Sample BC – Lower Calico Rock Sandstone 
 
112
Sample CR – Uppeer Calico Rock Sandstone 
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Sample USSB – Lower Basal Oil Creek Sandstone 
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Sample BM – Lower Basal McLish Sandstone 
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Sample TM – Upper Basal McLish Sandstone 
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Sample BT – Lower Basal Tulip Creek Sandstone 
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Sample TCT – Upper Basal Tulip Creek Sandstone 
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Sample S5 – Lower St. Peter Sandstone 
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Sample AS2 – Upper St. Peter Sandstone 
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